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ABSTRACT

This study introduces a multivariable covariance index (MVCI) to illustrate the synoptic features of mei-yu
in the Yangtze River valley (YRV) region, which contains information of three indicators of mei-yu including
precipitation, surface relative humidity, and tropospheric vertical motion. The interdecadal variation in the
synoptic features of mei-yu during 1961-2016 is investigated using the MVCI. The date of mei-yu peak and the
intensity of mei-yu underwent noticeable interdecadal variations over past decades, which are characterized
by a delayed (relatively early) mei-yu peak and a relatively large (small) mei-yu intensity during 1985-97
(1961-80 and 2006-16). The mechanisms of these interdecadal variations are further discussed. The inter-
decadal variation in the date of mei-yu peak is mainly modulated by the meridional water vapor transport
over eastern China during June, which may be partially attributed to an influence of the Pacific decadal
oscillation (PDO) on the clockwise gyre over the North Pacific during boreal summer. The interdecadal
variation in mei-yu intensity is associated with the interdecadal variation of tropospheric vertical motion over
the YRV region during boreal summer, which may be partially attributed to an interaction between the PDO
and the large-scale tropical east—west circulation during boreal summer. In addition, the interdecadal vari-
ation in the water vapor flux budget and relative humidity over the YRV region also exerted an impact on the
interdecadal variation of mei-yu intensity in the YRV region.

1. Introduction the focuses of meteorologists (e.g., Ding et al. 2007; Si
et al. 2009; Sampe and Xie 2010; Li et al. 2018, 2019).
Essentially, the mei-yu is a reflection of the northward
advancement of the East Asian summer monsoon (EASM)
over East Asia, which causes a northward shift of the
rainband from South China to North China via the YRV
and HRYV regions (Ding et al. 2007; Si et al. 2009). Most
of previous studies focused on the onset date and dura-
tion of the mei-yu period and precipitation amount dur-
ing the mei-yu period, where the onset date and duration
of the mei-yu period were generally identified based on a
standard defined by the China Meteorological Adminis-
tration (Ding et al. 2007; Li et al. 2019). For instance,
Wang et al. (2009) suggested that a warm (cold) phase of
central Pacific El Niflo-Southern Oscillation (ENSO) in
spring may induce a delayed (earlier) mei-yu onset in the
Corresponding author: Botao Zhou, zhoubt@nuist.edu.cn YRYV and HRYV regions. Li and Zhang (2014) found that

Climatically, the mei-yu (i.e., plume rain) is charac-
terized by persistent rainy, humid, and muggy weather in
the Yangtze River valley (YRV) and Huaihe River
valley (HRV) regions of China from mid-June to mid-
July. According to the China Meteorological Adminis-
tration, the precipitation amount during the mei-yu
period generally accounts for 30%—-40% of the annual
total precipitation in the YRV and HRV regions (http://
www.cma.gov.cn/2011xzt/2016zt/20160428/2016042803/
201607/t20160714_316772.html). An anomalous mei-yu
could cause severe flood or drought in the YRV and
HRYV regions (Shen et al. 2007). Hence, the interannual
and interdecadal variation of mei-yu has been one of

DOI: 10.1175/JCLI-D-19-0017.1

© 2019 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 08/16/22 03:50 PM UTC


http://www.cma.gov.cn/2011xzt/2016zt/20160428/2016042803/201607/t20160714_316772.html
http://www.cma.gov.cn/2011xzt/2016zt/20160428/2016042803/201607/t20160714_316772.html
http://www.cma.gov.cn/2011xzt/2016zt/20160428/2016042803/201607/t20160714_316772.html
mailto:zhoubt@nuist.edu.cn
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

6252

different configurations of East Asian subtropical and
polar jets could exert different impacts on the pre-
cipitation amount during the mei-yu season of the YRV
and HRV regions. Recently, Li et al. (2019) proposed
that a strong South Asian anticyclone in April heralds an
earlier mei-yu onset in the YRV and HRYV regions.

The mei-yu criteria proposed by the China Meteoro-
logical Administration are mainly defined based on only
one indicator (i.e., precipitation). However, using pre-
cipitation as the metric of mei-yu may be not sufficient to
comprehensively reflect the features of mei-yu, because
the enhanced convective activity (Zhou et al. 2004; Sampe
and Xie 2010) and the increased humidity as well as the
associated meridional humidity gradient (Tanaka et al.
2007; Cui et al. 2009) over the YRV and HRYV regions
during the mid-to-late June and early July are also im-
portant features of mei-yu. The enhanced convective ac-
tivity is closely associated with the persistent cloudy
weather and depression over the YRV and HRV regions
during the mei-yu period (Zhou et al. 2004; Ninomiya and
Shibagaki 2007; Sampe and Xie 2010), while the increased
humidity may significantly impact human health and
thermal comfort during the mei-yu period (Robinson 2001;
Luber and McGeehin 2008; Gao et al. 2018). Both the
convective activity and the atmospheric humidity are im-
portant influential factors of precipitation in the YRV and
HRYV regions during the mei-yu period (Cui et al. 2009;
Sampe and Xie 2010). The synoptic evolution of convec-
tive activity reflects the synoptic evolution of dynamic
process in the atmosphere associated with mei-yu (Sampe
and Xie 2010); the synoptic evolution of atmospheric hu-
midity synthetically reflects the information of large-scale
water vapor transport (WVT), atmospheric water vapor
content, and air temperature associated with mei-yu, be-
cause the large-scale WVT and the atmospheric water
vapor content determine the actual vapor pressure and
actual specific humidity over the YRV and HRYV regions
(Sun et al. 2011), while the air temperature determines the
saturation vapor pressure and saturation specific humidity
in the atmosphere over the YRV and HRV regions (Held
and Soden 2006). Observations and numerical simulations
indicate that under global warming, the humidity and
convective activity in the atmosphere have undergone and
would continue to experience distinct variations around
the globe (Held and Soden 2006; Vecchi and Soden 2007;
Trenberth 2011; Sun and Wang 2017; Sun 2018). These
variations in atmospheric humidity and convective activity
are generally characterized by an increase in the global
atmospheric moisture content and a weakening in the
tropical circulation (Held and Soden 2006; Vecchi and
Soden 2007; Trenberth 2011; Huang et al. 2017; Hu et al.
2018). As for the YRV and HRYV regions, the interdecadal
variation of atmospheric humidity and convective activity
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and their exertion on the interdecadal variation of features
of mei-yu have not been well understood. Thus, a simul-
taneous consideration of precipitation, convective activity,
and atmospheric humidity is conducive to better illustrat-
ing and understanding the variability of features of mei-yu
than only considering precipitation.

Furthermore, it has been widely found that during
past decades, the summer climate in eastern China has
undergone significant interdecadal changes in the late
1970s, the early 1990s, and the late 1990s (Wang 2001;
Ding et al. 2008; Wu et al. 2010; Sun et al. 2011; Zhu et al.
2011, 2015; Sun and Wang 2015). By contrast, there is a
lack of knowledge of the interdecadal variation of mei-
yu and associated mechanisms. Specifically, Ge et al.
(2008) identified the 20-30-yr and 40-yr cycles of the
mei-yu period as well the relationship between the
length of the mei-yu period and EASM on the decadal
time scales. Si et al. (2009) revealed an interdecadal in-
crease (decrease) of precipitation in the HRV (YRV)
region during the mei-yu season after the late 1990s. Li
et al. (2018) analyzed the interdecadal variability of the
intensity and position of East Asian mei-yu-baiu fronts.
Notwithstanding the aforementioned studies, the inter-
decadal variation in the synoptic features of mei-yu over
the YRV region remains unclear.

Thus, this study aims to investigate the interdecadal
variation in the synoptic features of mei-yu in the YRV
region (28°-32°N, 110°~123°E) during 1961-2016 based
on a new metric utilizing three mei-yu indicators: pre-
cipitation, surface relative humidity, and tropospheric
vertical motion. The reason this study focuses only on
the YRV region instead of the YRV and HRYV regions is
because previous studies suggested quite different in-
terdecadal variations of summer climate in the YRV and
HRYV regions (Si et al. 2009; Sun et al. 2011; Zhu et al.
2011).

The outline of this paper is as follows. Section 2 de-
scribes the data and methods used in this study. Section 3
introduces a new index to illustrate the synoptic features
of mei-yu, and the interdecadal variation in the synoptic
features of mei-yu is examined using this index in this
section. The mechanism underlying the interdecadal
variation in the date of mei-yu peak is investigated in
section 4. The mechanisms of the interdecadal variation
in the intensity of mei-yu are discussed in section 5.
Section 6 provides conclusions and discussion.

2. Data and methods

a. Data

The daily mean data of precipitation, surface relative
humidity, and surface temperature are derived from the
CNO5.1 dataset (Wu and Gao 2013), which is an updated
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version of the CNO5 dataset (““CN”’ is an abbreviation
for China; “05” represents a resolution of 0.5° X 0.5°)
and which has a resolution of 0.25° X 0.25°. The CN05.1
dataset is constructed based on over 2400 stations in
China. This quality-controlled dataset has been widely
used for studying climate variability in China (e.g., Xu
et al. 2009; Sun and Wang 2015, 2017, 2018, 2019; Chen
et al. 2017; Li et al. 2017).

The daily and monthly mean data (2.5° X 2.5°) of zonal
and meridional winds, specific humidity, and vertical ve-
locity () at eight pressure levels (1000, 925, 850, 700, 600,
500, 400, and 300 hPa) and surface pressure are derived
from the National Centers for Environmental Prediction
(NCEP)-National Center for Atmospheric Research
(NCAR) reanalysis (Kalnay et al. 1996). The monthly
mean sea surface temperature (SST) data (2° X 2°) are
derived from the NOAA Extended Reconstructed SST
V4 (B. Huang et al. 2015). The monthly Pacific decadal
oscillation (PDO) index is derived from the Joint In-
stitute for the Study of the Atmosphere and Ocean
(http://research.jisao.washington.edu/pdo/PDO latest).

b. Methods

A 5-day running mean is performed for the daily data
used in this study before all computations to remove the
day-to-day variability and to better illustrate the synoptic
evolution of meteorological elements. The vertically in-
tegrated WVT was calculated by integrating the water
vapor flux from the surface to the 300-hPa pressure level
using the data of specific humidity and zonal and merid-
ional winds for eight pressure levels (1000, 925, 850, 700,
600, 500, 400, and 300 hPa) (Simmonds et al. 1999). A
linear regression analysis is conducted to compute the
climate anomalies regressed on the 5-yr running mean
time series of PDO index for boreal summer. An empir-
ical orthogonal function (EOF) analysis was performed
to examine the dominant mode of the interdecadal varia-
tion of the tropical vertical motions, using the 5-yr running
mean time series of 500-hPa w. The significance of re-
gression coefficients and correlation coefficients for 5-yr
running mean time series is estimated using a Monte Carlo
test based on 5000 experiments for 5-yr running mean
random time series (Zhao and Han 2005). The linear
trends in the time series were removed before the afore-
mentioned linear regression and EOF analysis were per-
formed. In this study, the summer refers to the boreal
summer [May-August (MJJA)].

The variability of relative humidity (RH) depends on
the saturation specific humidity (g,) and actual specific
humidity (g), where RH = (g/q,) X 100%. To examine
the influences of saturation specific humidity and actual
specific humidity on the variability of relative humidity,
the interdecadal variation in saturation specific humidity
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and actual specific humidity are analyzed. Following
Song et al. (2012), an empirical Clausius—Clapeyron
equation is used to estimate the saturation vapor pres-
sure (e,) and saturation specific humidity (g,) based on
air temperature:

- (T — 273.16)
ex =6.11 exp [W} 5 (1)
0.622¢
= (p—0378e) @

where a = 17.56, b = 35.86, T represents absolute tem-
perature, and p represents air pressure.

3. Interdecadal variation in the synoptic features of
mei-yu

a. The multivariable covariance index

As mentioned before, the variability of features of
mei-yu is associated with the variability of precipitation,
humidity, and vertical motion. An index synthesizing the
information of the three indicators of mei-yu could be
conducive to better illustrating and understanding the
variability of features of mei-yu than simply using the
precipitation as a metric of mei-yu. Particularly, Li et al.
(2018) analyzed the variability of the East Asian mei-
yu-baiu fronts using a suite of indices based on the
equivalent potential temperature and its meridional
gradient, suggesting that a consideration of factors ex-
cept for precipitation may contribute to a comprehen-
sive understanding of the features of mei-yu.

To reasonably and clearly illustrate the synoptic fea-
tures of mei-yuin the YRV region, this study attempts to
introduce an index to comprehensively reflect the syn-
optic evolution of precipitation, humidity, and convec-
tive activity over the YRV region during the mei-yu
period. Specifically, the surface relative humidity is used
to denote the atmospheric humidity considering that a
high relative humidity is an essential condition for the
occurrence of precipitation and that the relative hu-
midity is an important influential factor of the human
thermal comfort condition during the mei-yu period
(Gao et al. 2018). Based on previous studies (e.g.,
Rhome et al. 2000; Norris and Iacobellis 2005; Wyant
et al. 2006; Jeong et al. 2008; Manganello et al. 2012;
Huaman and Schumacher 2018), the 500-hPa  is used
to denote the convective activity. Before introducing
this index, an overview for the climatic spatiotemporal
features of mei-yu is provided as follows. Generally, the
mei-yu is mainly featured by positive anomalies in pre-
cipitation and surface relative humidity and ascending
motion over the YRV region with respect to summer
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FIG. 1. (a) Anomalies of vertically integrated WVT (vector; unit: kgm™'s™!) and precipitation (shading; unit:
mm day ') during 15 Jun—10 Jul with respect to MJJA climatology for 1961-2016. Time-latitude section of zonal
mean anomalies of (b) precipitation (unit: mm day ™), (c) surface relative humidity (unit: %), and (d) 500-hPa o
(unit: 1073 Pas™") within 110°-123°E during 6 Jun-20 Jul with respect to MJJA climatology for 1961-2016. The
purple rectangle in (a) represents the domain of YRV region. The horizontal lines in (b)-(d) denote the latitudinal

range of YRV region (28°-32°N).

climatology. Figure 1 shows the climate anomalies as-
sociated with the synoptic evolution of mei-yu for 1961-
2016. Positive anomalies of precipitation occur in the
YRV region during 15 June-10 July, which are associ-
ated with a convergence in water vapor over the YRV
region due to the northward marching of EASM
(Fig. 1a). The northward marching of EASM is charac-
terized by a northward shift of positive anomalies of
precipitation (Fig. 1b) and surface relative humidity
(Fig. 1c) and negative anomalies of 500-hPa w (Fig. 1d)
from the southern part of East China during the early
June toward the northern part of East China during
the mid-July, which results in increased precipitation
(Fig. 1b) and surface relative humidity (Fig. 1c) and
enhanced convection (Fig. 1d) over the YRV region
during mid-to-late June and early July. Particularly,
most significant anomalies of precipitation, surface rel-
ative humidity, and 500-hPa @ occupy the YRV region
around 25 June. The synoptic evolution in surface

specific humidity is also examined (figure not shown).
The results indicate that the specific humidity cannot
well reflect the synoptic evolution of mei-yu in the YRV
region, because the specific humidity over the YRV
region continues increasing in July during and after the
mei-yu period as the EASM marches northward over
East Asia; meanwhile, the air temperature over the
YRV region has an abrupt increase after late June and
continues increasing in July, resulting in an abrupt in-
crease in the saturation specific humidity after late June
and a continuous increase in the saturation specific
humidity in July over the YRV region. Thus, after late
June, the air becomes less saturated with water vapor
over the YRV region due to the significantly increased
saturation specific humidity, which is closely related to
the mei-yu decline, in spite of the increased specific
humidity over the YRV region.

Hence, the synoptic evolution of mei-yu in the YRV
region is generally characterized by an increase (decrease)
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FIG. 2. Evolution of areal mean (a) precipitation (unit: mm day ), (b) surface relative humidity (unit: %), and
(c) 500-hPa w (unit: 103 Pas™!) over the YRV region during 6 Jun-20 Jul for 1961-2016. (d) Evolution of the
corresponding MVCI (unit: 1) during 6 Jun-20 Jul for 1961-2016. Black lines in (a)—(c) represent individual years
during 1961-2016. Red lines in (a)—(c) represent the average of individual years during 1961-2016. Blue lines in
(a)—(c) represent the level of MJJA climatology. The MVCI in (d) is calculated based on the averaged synoptic
evolution of precipitation, surface relative humidity, and 500-hPa w during 1961-2016 [i.e., the red lines in (a)—(c)].
The red curve in (d) denotes where the anomalies of precipitation, surface relative humidity, and 500-hPa w all
exceed the levels of half standard deviation of the corresponding variables during summer; the green ““+’” markers
in (d) denote where at least one of the anomalies of precipitation, surface relative humidity, and 500-hPa » does not

accord with the features of mei-yu.

in precipitation and surface relative humidity and a de-
crease (increase) in 500-hPa « before (after) late June
(Figs. 2a—c). This synoptic evolution of mei-yu may be
specifically defined by several factors, including when
the three indicators of mei-yu begin or stop signifi-
cantly changing in the YRV region, when the anoma-
lies of these three indicators reach a peak in the YRV
region with respect to their normal levels during
summer, and what are the maximum anomalies of these

three indicators of mei-yu during this process. It is
somewhat difficult to promptly and clearly obtain an
understanding of the aforementioned factors based on
the time series of precipitation, surface relative humid-
ity, and 500-hPa w (Figs. 2a—c). Thus, for a given period,
an index (the MVCI) denoting the synoptic evolution of
the anomalies in precipitation, surface relative humidity,
and 500-hPa w is defined based on a multivariable co-
variance (MVC) method:
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;X (—1)
sd(w) 3)

P/ r!
MVCL =/ BN BN
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where p;=p;,—p, ri=r;—7, and 0, =w; —®. In the
above formula, p;, r;, and w; are the areal mean pre-
cipitation, surface relative humidity, and 500-hPa w over
the YRV region on the ith day during summer averaged
for all individual years in the given period; p, 7, and @
are the summer climatology of areal mean precipitation,
surface relative humidity, and 500-hPa w over the YRV
region for the reference period 1961-2016; sd(p), sd(7),
and sd(w) are the standard deviation of areal mean
precipitation, surface relative humidity, and 500-hPa
w over the YRV region during summer for the reference
period 1961-2016. The MVCI synthesizes the infor-
mation of precipitation, surface relative humidity, and
500-hPa w, which reflects the synoptic evolution of the
concurrent anomalies in precipitation and surface rela-
tive humidity and 500-hPa w. The MV CI should be no-
tably increased during the mei-yu period in the YRV
region due to the large anomalies in the three indicators
of mei-yu.

Correspondingly, Fig. 2d shows the synoptic evolution
of MV CI during June and July for 1961-2016. The MV CI
begins to notably increase in the mid-June, which
reaches a peak on 25 June and decreases afterward to-
ward the zero level in the mid-July. Particularly, the pe-
riod where the anomalies of precipitation, surface relative
humidity, and 500-hPa w all accord with the mei-yu fea-
tures and all exceed the levels of half standard deviation
of corresponding variables during summer could be
considered a significant mei-yu period, which spans from
15 June to 10 July (Fig. 2d). This result is basically con-
sistent with the estimation of the mei-yu period (17 June—
8 July) for the YRV region by Ding et al. (2007).

The MVCI could be efficient for illustrating the syn-
optic features of mei-yu regarding the duration of mei-yu,
the date of mei-yu peak (mei-yu peak refers to the max-
imum anomalies of mei-yu indicators during the mei-yu
period), and the intensity of mei-yu. Specifically, the du-
ration of mei-yu could be estimated based on the afore-
mentioned threshold defined by the levels of half a
standard deviation of the corresponding variables. The
date of mei-yu peak could be defined by the date of
MVClI reaching its peak. The intensity of mei-yu could be
defined by the maximum value of MVCI during the mei-
yu period.

b. Interdecadal variation in the synoptic-scale
features of the MV CI

To investigate the interdecadal variation in the syn-
optic features of mei-yu in the YRV region, the MVCI
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values for five running windows (9-, 11-, 13-, 15-, and
17-yr windows) from 1961 to 2016 are examined. The
results for these running windows consistently indicate a
noticeable interdecadal variation in the synoptic-scale
features of the MVCI. Specifically, Fig. 3 shows the in-
terdecadal variation in the date of the MVCI peak and
the maximum value of the MV CI during June and July
for the 11-, 13-, and 15-yr running windows. The date of
the mei-yu peak (Figs. 3a,c,e) mostly occurred during
21-26 June before the mid-1980s. After the mid-1980s,
the mei-yu peak was postponed to the early July. Later,
in the late 1990s, the date of the mei-yu peak underwent
another interdecadal change, which was advanced to an
earlier date around 25 June in recent years.

Similarly, the maximum value of MVCI during June
and July, which denotes the mei-yu intensity, underwent a
noticeable increase after the mid-1980s (Figs. 3b,d,f). The
maximum value of MVCI maintained a relatively high
level through the 1990s and early 2000s and fell to a low
level after the early 2000s. Note that the magnitudes of
the maximum value of MVCI are slightly different for
different running windows, because the synoptic evolu-
tion in MVClI is more (less) smooth for a larger (smaller)
window and hence relatively small (large) maximum
values of MVCI are observed for relatively large (small)
windows (Figs. 3b,d,f). This property of the MVCI does
not affect the feature of the interdecadal variation in the
maximum value of the MVCI. The aforementioned in-
terdecadal variation in the intensity of mei-yu is partially
consistent with the interdecadal variation in the date of
mei-yu peak regarding the interdecadal change occurring
in the mid-1980s, implying that the interdecadal changes
in the date of mei-yu peak and in the intensity of mei-yu
might be associated with the same factor. On the other
hand, an inconsistency is observed between the inter-
decadal change in the date of the mei-yu peak occurring
in the mid-1990s and the interdecadal change in the
mei-yu intensity occurring in the early 2000s. overall, the
above results suggest distinct synoptic features of mei-yu
during the period before the mid-1980s, the period from
the mid-1980s to the 1990s, and the period after the
early 2000s.

Hence, the mechanisms associated with the synoptic
features of mei-yu are examined for three specific
periods in the following sections: 1961-80, 1985-97,
and 2006-16. The synoptic features of mei-yu during
1961-80 and 2006-16 are characterized by a relatively
early date of mei-yu peak and a relatively small in-
tensity of mei-yu, whereas the synoptic features of
mei-yu during 1985-97 are characterized by a rela-
tively late date of mei-yu peak and a relatively large
intensity of mei-yu (Fig. 3). Based on the MVCI for
1961-80, 1985-97, and 2006-16, the dates of mei-yu
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FI1G. 3. Interdecadal variation of the (a),(c),(e) date of maximum MVCI and (b),(d),(f) maximum value of MVCI
(unit: 1) during June-July based on MVClIs for an (a),(b) 11-yr, (c),(d) 13-yr, and (e),(f) 15-yr running window
during 1961-2016.
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FIG. 4. Evolution of pentad mean anomalies of vertically integrated WV T (vector; unit: kg m ™ s 1) with respect to MJJA climatology and
the corresponding streamfunction (shading; unit: 10" kgs ™) during 11 Jun—10 Jul for 1961-2016.

peak during the three periods are respectively 25 June,
2 July, and 26 June.

4. Mechanisms of the interdecadal variation in the
date of mei-yu peak

a. Synoptic evolution of water vapor transport

The mei-yu peak denotes the most significant anom-
alies in precipitation, surface relative humidity, and
vertical motion over the YRV region during June and
July, which are associated with strongly converged WVT
and enhanced convection over the YRV region. Figure 4
shows the evolution of pentad mean anomalies of the
vertically integrated WVT with respect to summer cli-
matology during 11 June—10 July for 1961-2016. It can
be seen that an anomalous anticyclone shifts north-
westward over the western North Pacific (WNP) during
mid- and late June (Figs. 4a-d). The southerly WVT
anomalies along the western flank of this anomalous
anticyclone cause increased meridional WVT over
southeastern China (20°-30°N, 110°-123°E) and anom-
alous convergence of water vapor over the YRV region
in late June (Figs. 4c,d). The significantly increased
meridional WVT and strong convergence of water vapor

over the YRV region could induce significant anomalies
of precipitation and surface relative humidity, which are
important reasons for the occurrence of mei-yu peak.
Thus, the variability in the date of mei-yu peak is closely
connected with the synoptic evolution of the meridional
WVT anomalies over southeastern China, which flow
along the western flank of the anomalous anticyclone
over the WNP during June and July.

The above results (Fig. 4) suggest an important role of
the synoptic evolution of meridional WVT over south-
eastern China (20°-30°N, 110°-123°E) in inducing an
increased water vapor convergence over the YRV re-
gion (28°-32°N, 110°-123°E) during late June. To illus-
trate the interdecadal variation in the synoptic evolution
of meridional WVT (hereafter referred as vq) over
the WNP and southeastern China during the mei-yu
period, Figs. Sa—c show the time-longitude section of vg
anomalies averaged within 20°-30°N and Figs. 5d—f show
the time-latitude section of vg anomalies averaged
within 110°-123°E for the three target periods (i.e.,
1961-80, 1985-97, and 2006-16). As shown in Figs. Sa—c,
the westward shift of positive vg anomalies during
11 June-11 July exhibited a delay for 1985-97 in com-
parison to the other two periods, where significant po-
sitive vg anomalies occurred in southeastern China
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FIG. 5. Time-longitude section of (a)-(c) meridional WVT anomalies averaged within 20°~30°N and time-latitude section of (d)—(f)
meridional WVT anomalies averaged within 110°~123°E during 11 Jun—11 Jul for (a),(d) 1961-80, (b),(e) 1985-97, and (c),(f) 2006-16
(unit: kgm ™' s™!) with respect to MIJA climatology. (g) Evolution of the anomalies of meridional WVT (solid lines; unit: kgm~'s™")
averaged over southeastern China (20°~30°N, 110°~123°E) and the anomalies of net water vapor flux (dashed lines; unit: 10°kgs™") over
the YRV region during 15 Jun—10 Jul for 1961-80 (in green), 1985-97 (in blue), and 2006-16 (in red) with respect to MJJA climatology.
The horizontal solid lines in (a)—(c) represent the longitudinal range of the YRV region (110°-123°E). The horizontal solid lines in (d)—(f)
represent the latitudinal range of the YRV region (28°-32°N). The vertical dashed lines in (a)-(f) denote the days of mei-yu peak. The dots in
(g) denote the days of mei-yu peak for the three periods. The left and right y axes in (g) are for the solid and dashed lines, respectively.
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(110°-123°E) in early July (late June) during 1985-97
(1961-80 and 2006-16). Similarly, as shown in Figs. 5d—f,
the northward march of positive vg anomalies over
southeastern China during 11 June-11 July also
exhibited a delay for 1985-97 in comparison to the other
two periods, where the positive vg anomalies largely
marched into the region north of 32°N after 2 July (25/
26 June) during 1985-97 (1961-80 and 2006-16).

Correspondingly, Fig. 5g shows the synoptic evolution
of vq anomalies averaged over southeastern China (20°-
30°N, 110°-123°E) during 15 June-10 July for the three
periods. It can be seen that the evolution of vg anomaly
for 1985-97 lagged the evolution of vg anomalies for
1961-80 and 2006-16. The vg anomaly increased in the
late June and reached its peak on 27 and 28 June during
1961-80 and 2006-16, respectively; in contrast, the vg
anomaly reached its peak on 3 July during 1985-97. The
delayed increase of vg anomaly over southeastern China
in late June during 1985-97 induced a delayed increase
of net water vapor flux over the YRV region (28°-32°N,
110°-123°E) in late June (Fig. 5g), resulting in a delayed
mei-yu peak. Note that although the vg anomaly over
southeastern China during the mei-yu period is smaller
for 1985-97 than for 2006-16 (Fig. 5g), the anomaly of
net water vapor flux over the YRV region during the
mei-yu period is larger for 1985-97 than for 2006-16
(Fig. 5g), which is consistent with the relatively large
(small) intensity of mei-yu during 1985-97 (2006-16)
(Fig. 3). The above results suggest an impact of a de-
layed enhancement of the southerly WVT anomalies
over southeastern China in the late June on the delayed
mei-yu peak during 1985-97.

b. Relationship with PDO

A question then arises: What caused the delayed en-
hancement of the southerly WVT anomalies over
southeastern China in the late June during 1985-97?
Essentially, the enhancement of the southerly WVT
anomalies over southeastern China is induced by the
northwestward extension of the anomalous anticyclone
over the WNP in late June (Fig. 4). The northwestward
extension of the anomalous anticyclone over the WNP
reflects the westward extension and northward shift of
the western Pacific subtropical high (WPSH) in June (Si
et al. 2008; Yang et al. 2017). The interdecadal variation
in the WPSH could exert an important impact on the
northwestward extension of the anomalous anticyclone
over the WNP during June. However, the interdecadal
variation of WPSH over past decades remains contro-
versial, because the 500-hPa geopotential height expe-
rienced notable changes around the globe due to the
global warming over past decades, which makes the
reasonableness of the conventional metrics for WPSH
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based on 500-hPa geopotential height debatable (Lu
etal. 2008; Zhou et al. 2009; He et al. 2015; Huang and Li
2015; Y. Huang et al. 2015).

One of the most significant characteristics of the
subtropical high over the North Pacific is the clockwise
gyre pattern in the wind field and the WVT field over the
North Pacific (Fig. 6a). The interdecadal variation in the
pattern of WVT over the North Pacific and East Asia is
examined to inspect the mechanism underlying the in-
terdecadal variation in the northwestward extension of
the anomalous anticyclone over the WNP. Figure 6b
shows the differences in MJJA mean WVT between
1985-97 and 1961-80. The northerly WVT anomalies
over the WNP, the southerly WVT anomalies over the
eastern North Pacific, the westerly WVT anomalies over
the low-latitudinal North Pacific, and the easterly WVT
anomalies over the high-latitudinal North Pacific mani-
fest an anticlockwise gyre pattern over the North Pacific,
suggesting that the climatic clockwise WVT over the
North Pacific associated with the subtropical high was
weakened during the summer of 1985-97. This anoma-
lous anticlockwise gyre was particularly characterized
by northerly WVT anomalies over the WNP and eastern
China (Fig. 6b). These northerly WVT anomalies in the
background circulation during summer provided an un-
favorable climatic condition for the southerly WVT
anomalies along the western flank of the anomalous an-
ticyclone over the WNP in late June. Climatically, during
late June, the edge of the anomalous anticyclone over the
WNP, which is denoted by the zero line of the stream-
function of WVT anomalies (Fig. 7a), moves northwest-
ward gradually, resulting in southerly WVT anomalies
reaching the YRV region along the western flank of
the anomalous anticyclone. During 1985-97, the north-
erly WVT anomalies over the WNP and eastern China
in the background circulation during summer (Fig. 6b)
may induce weakened southerly WVT anomalies along
the western flank of the anomalous anticyclone over the
WNP in the late June (Fig. 7d), which impeded the
northwestward extension of the edge of the anomalous
anticyclone over the WNP in late June (Figs. 7e.f).
Accordingly, the southerly WVT anomalies along the
western edge of the anomalous anticyclone reached the
YRV region late, contributing to a delayed mei-yu peak
during 1985-97.

On the contrary, Fig. 6c shows the differences in MJJA
mean WVT between 2006-16 and 1985-97, which exhibit a
clockwise gyre pattern of WVT anomalies over the North
Pacific, suggesting that the climatic clockwise WVT over
the North Pacific associated with the subtropical high
was enhanced during the summer of 2006-16 in compari-
son to 1985-97. Accordingly, the southerly WVT anoma-
lies over the WNP and eastern China in the background
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FIG. 6. (a) Climatology of vertically integrated WVT during summer (MJJA) for 1961-2016 (unit: kgm™~'s™").
Differences in MJJA mean (b) vertically integrated WVT (unit: kgm~'s™") and (d) SST (unit: °C) between 1961—
80 and 1985-97 (latter period minus former period). Differences in MJJA mean (c) vertically integrated WVT (unit:
kgm™'s™') and (e) SST (unit: °C) between 1985-97 and 2006-16 (latter period minus former period). Red rect-
angles in (a)—(e) represent the domain of YRV region. Gray shading in (b) and (c) denotes the differences in WVT
significant at the 95% confidence level based on the Student’s ¢ test. Stippling in (d) and (e) denotes the differences

in SST significant at the 95% confidence level based on the Student’s  test.

circulation during summer (Fig. 6¢) provided a favorable
climatic condition for the southerly WVT anomalies along
the western flank of the anomalous anticyclone over the
WNP in the late June (Figs. 7g-i), contributing to a rel-
atively early mei-yu peak during 2006-16.

The aforementioned interdecadal changes in the
WVT over the North Pacific correspond to significant
interdecadal changes in the SSTs over the North Pa-
cific, which present patterns resembling the PDO mode
(Mantua and Hare 2002) (Figs. 6d,e). As shown in
Fig. 6d, the differences in summer SST between 1985-
97 and 1961-80 are characterized by negative anomalies
in the midlatitudinal North Pacific and positive anoma-
lies in the low-latitudinal eastern Pacific, suggesting a
positive phase of the PDO during 1985-97. Conversely,
the differences in summer SST between 2006-16 and
1985-97 suggest a negative phase of the PDO during
2006-16 (Fig. 6¢). The above results imply an influence
of PDO on the interdecadal variation in the clockwise
gyre over the North Pacific, which may play a role in the
interdecadal variation of the timing of mei-yu peak over
the YRV region.

During the past several decades, the PDO underwent
an interdecadal variation characterized by a negative
phase during the 1960s and 1970s, a positive phase
during the 1980s and 1990s, and a largely negative phase
during the 2000s and 2010s (Fig. 8a). To examine the
climate anomalies associated with the PDO, Figs. 8b and
8c show the anomalies of SST and WVT, respectively,
regressed on the 5-yr running mean time series of the
MIJJA mean PDO index during 1961-2016. The SST
anomalies corresponding to a positive phase of the PDO
are mainly characterized by negative anomalies in the
midlatitudinal North Pacific and positive anomalies in
the low-latitudinal eastern Pacific (Fig. 8b). The associ-
ated WVT anomalies are characterized by an anti-
clockwise gyre pattern over the North Pacific (Fig. 8c).
Particularly, northerly WVT anomalies over the WNP
and eastern China are detected to be associated with a
positive phase of the PDO (Fig. 8c). These northerly
WVT anomalies in the background circulation during
summer may provide an unfavorable climatic condition
for the southerly WVT anomalies along the western
flank of the anomalous anticyclone over the WNP in the
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late June (Fig. 7d) and lead to a delayed mei-yu peak in
the YRV region. Hence, the positive phase of the PDO
may be a factor contributing to the delayed mei-yu peak
during 1985-97. Based on observation and numerical
experiments, Zhu et al. (2011, 2015) suggested that the
SST anomalies associated with a positive phase of the
PDO may stimulate a weakened WPSH during summer,
which may result in an anomalous anticlockwise gyre
pattern of WVT over the North Pacific. This result is
consistent with the above results of this study.

5. Mechanisms of the interdecadal variation in
mei-yu intensity

The relatively large (small) intensity of mei-yu during
1985-97 (1961-80 and 2006-16) is associated with an

interdecadal variation in the precipitation, surface rel-
ative humidity, and vertical motion over the YRV re-
gion during the mei-yu period. Figure 9 shows the 11-yr
running mean time series of areal mean precipitation,
relative humidity, and 500-hPa o over the YRV region
during the mei-yu period (15 June-10 July) for the past
several decades. The precipitation during the mei-yu
period was notably increased after the mid-1980s and
fell toward a low level during the recent years after the
early 2000s (Fig. 9a). The interdecadal variation in
the tropospheric vertical motion during the mei-yu pe-
riod is largely consistent with precipitation, featuring an
enhanced ascending motion over the YRV region from
the mid-1980s to the early 2000s and a reduced ascend-
ing motion over the YRV region after the early 2000s
(Fig. 9¢). In contrast, the surface relative humidity during
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level based on a Monte Carlo test, respectively.

the mei-yu period did not undergo an interdecadal
change in the mid-1980s, but fell rapidly toward a low
level after the 1990s (Fig. 9b), exhibiting an interdecadal
variation different from that of precipitation and tro-
pospheric vertical motion. Specifically, a significant
correlation is detected between the time series of pre-
cipitation and 500-hPa w with a correlation coefficient
of —0.74 (Figs. 9a,c), whereas a smaller correlation co-
efficient is detected between the time series of precipi-
tation and surface relative humidity with a value of 0.36
(Figs. 9a,b). These results suggest that the dynamical
processes associated with the tropospheric vertical mo-
tion over the YRV region exerted an important impact
on the interdecadal variation of precipitation during the
mei-yu period during past decades, which are consistent
with the study by Wang and Paegle (1996) indicating
that the variability of regional moisture flux and mois-
ture budget is more sensitive to dynamic process than
moisture distribution.

Actually, the aforementioned interdecadal variation in
precipitation, tropospheric vertical motion, and surface

FIG. 9. 11-yr running mean time series of daily mean (a) precipi-
tation (unit: mm day '), (b) surface relative humidity (unit: %), (c)
500-hPa o (unit: 103 Pas™ ), and (d) surface temperature (unit: °C)
averaged over the YRV region during the mei-yu period (16 Jun—
6 Jul) (in red) and during MJJA (in blue). The left and right y axes are
for the red and blue lines, respectively.

relative humidity during the mei-yu period is largely
consistent with the interdecadal variation in MJJA mean
precipitation, tropospheric vertical motion, and surface
relative humidity over the YRV region, regarding the
increased (decreased) precipitation and enhanced (weak-
ened) ascending motion over the YRV region after the
mid-1980s (early 2000s) as well as the rapidly decreased
surface relative humidity over the YRV region after the
1990s (Fig. 9). Thus, the mechanisms of the interdecadal
variation of mei-yu intensity could be inferred from the
mechanisms of the interdecadal variation of summer cli-
mate over the YRV region.

a. Interdecadal variation of the large-scale tropical
east-west circulation

Zhu et al. (2011, 2015) have suggested that the PDO
plays an important role for the interdecadal change of
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summer climate over the YRV region after the late 1990s.
It is proposed that the East Asian westerly jet stream
weakens and shifts poleward during the summer in a
negative phase of the PDO, which could cause anomalous
tropospheric vertical motion over the YRV region and
HRYV region via an anomalous jet-related secondary
meridional-vertical circulation (Zhu et al. 2015). Here,
we propose another perspective on the association be-
tween the PDO and the vertical motion over the YRV
region during summer, based on the effects of PDO on a
large-scale tropical east—west circulation during summer
(Krishnamurti 1971). As shown in Fig. 10a, during sum-
mer the ascending branches over a wide area that covers
the western tropical Pacific, the Maritime Continent, and
southern China and the descending branches over the
eastern tropical Pacific together constitute a large-scale
tropical east-west circulation, which contains the Walker
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circulation and Asian monsoon circulation (Krishnamurti
1971; Goswami et al. 1999; Tokinaga et al. 2012;
McGregor et al. 2014).

The large-scale tropical east—west circulation under-
went significant interdecadal variations over past decades.
Figure 10b shows the differences in MJJA mean 500-hPa
o between 1985-97 and 1961-80. It indicates that during
1985-97, the ascending branches over the northern
Maritime Continent, the Indochina Peninsula, the YRV
region, and the Tibetan Plateau were enhanced during
summer in comparison to 1961-80, whereas descending
(ascending) anomalies occurred in the troposphere over
the southern Maritime Continent and western and central
tropical Pacific (eastern tropical Pacific). The aforemen-
tioned enhanced ascending branch over the YRV region
may result in an enhanced convection and hence an in-
tensified mei-yu over the YRV region during summer. A
converse interdecadal change occurred during 2006-16
(Fig. 10c). These interdecadal variations in the large-scale
tropical east-west circulation are associated with inter-
decadal variations in the eastern tropical Pacific SSTs
(Figs. 6d,e). It should be noted that although the PDO is
generally considered a mode in the North Pacific basin,
the SST anomalies associated with PDO are significant in
the tropical Pacific, exhibiting an ENSO-like pattern
(Fig. 8b; Mantua and Hare 2002). Corresponding to a
positive phase of the PDO, the positive SST anomalies in
the eastern tropical Pacific (Fig. 8b) may induce ascending
anomalies in the troposphere over the eastern tropical
Pacific, which may weaken the Walker circulation and
hence induce descending anomalies over the western and
central tropical Pacific and southern Maritime Continent
(Fig. 10d). Furthermore, ascending anomalies may thus
be enhanced in the troposphere over the area covering the
northern Maritime Continent, the Indochina Peninsula,
the YRV region, and the Tibetan Plateau to compensate
for the descending anomalies over the southern Maritime
Continent and western tropical Pacific (Fig. 10d), a pro-
cess that resembles the East Asia—Pacific (EAP)/Pacific—
Japan (PJ) teleconnection (Nitta 1987; Huang 1992).

In addition, an EOF analysis was performed for the
500-hPa w within 60°E-90°W and 20°S-40°N to examine
the dominant mode (EOF1) of the interdecadal vari-
ability of tropical vertical motions (Figs. 11a,b). The
result indicates that the dominant mode of the inter-
decadal variability of tropical vertical motions (Fig. 11a)
can largely account for the interdecadal variations of the
large-scale tropical east—west circulation over past de-
cades (Figs. 10b,c), which resemble the anomalies of
500-hPa w associated with PDO (Fig. 10d). Correspond-
ingly, the time series of the EOF1 exhibit a positive phase
of this dominant mode in the 1980s and 1990s and a
negative phase before the mid-1970s and after the 1990s,
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FIG. 11. (a) Leading EOF mode of the 5-yr running mean MJJA
500-hPa @ within 20°S—40°N and 60°E-90°W, with the explained
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series of the leading EOF mode in (a) (in red) and 5-yr running
mean MJJA PDO index (in blue), with the correlation coefficient
labeled in the top-right corner. (c) Schematic diagram for the
anomalies of the large-scale tropical east—west circulation during
summer in a positive phase of the PDO.

which are mostly consistent with the interdecadal oscil-
lation of PDO (Fig. 11b). The time series of the EOF1 of
interdecadal variability of tropical vertical motions and
the time series of PDO index have a correlation co-
efficient of 0.76, significant at the 95% confidence level
(Fig. 11b). The above results suggest an influence of the
tropical SST anomalies associated with PDO on the in-
terdecadal variation of the large-scale tropical east-west
circulation, which influenced the interdecadal variation
of the vertical motion over the YRV region and hence
the mei-yu intensity during summer. Figure 11c provides
a schematic diagram for the modulation of the large-scale
tropical east-west circulation corresponding to a positive
phase of the PDO.

b. Interdecadal variation of the water vapor flux
budget and relative humidity

The aforementioned interdecadal variation of vertical
motion in the troposphere over the YRV region was
accompanied by an interdecadal variation of water
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vapor flux budget over the YRV region during summer
(Fig. 12). Considering that the water vapor is largely
distributed in the lower troposphere and that an en-
hanced (weakened) convection is generally associated
with an increased (decreased) convergence in the lower
troposphere, an increased convergence in the vertically
integrated WVT occurred over the YRV region in the
summer during 1985-97 in comparison to 1961-80
(Fig. 12a), and a decreased convergence in the vertically
integrated WVT occurred over the YRV region in the
summer during 2006-16 in comparison to 1985-97
(Fig. 12b). Correspondingly, the interdecadal variation
of net water vapor flux over the YRV region is charac-
terized by an increased net water vapor flux during the
1980s and 1990s and a decreased net water vapor flux
after the 1990s (Fig. 12¢). This interdecadal variation in
the water vapor flux budget over the YRV region during
summer is largely consistent with the interdecadal var-
iation in the precipitation over the YRV region during
summer and during the mei-yu period (Fig. 12c), sug-
gesting an important role of the water vapor flux budget
over the YRV region in modulating the interdecadal
variability of mei-yu intensity.

In addition, Figs. 13a and 13b show the differences in
surface relative humidity during summer among the
three periods. The difference in surface relative hu-
midity between 1985-97 and 1961-80 is mostly insig-
nificant over the YRV region (Fig. 13a). In contrast, the
surface relative humidity was significantly decreased
over the YRV region during 2006-16 in comparison to
during 1985-97 (Fig. 13b). This interdecadal decrease in
surface relative humidity is mainly attributed to an in-
creased saturation specific humidity over the YRV re-
gion during 2006-16 (Fig. 13f). As shown in Fig. 13d, the
surface air temperature was significantly increased over
the YRV region in the summer during 2006-16 in
comparison to 1985-97, which led to a significantly in-
creased saturation specific humidity over the YRV re-
gion (Fig. 13f). The actual specific humidity was also
increased over the YRV region in the summer during
2006-16 (Fig. 13h), which however had less increase
than the saturation specific humidity (Fig. 13f). Conse-
quently, the surface relative humidity was decreased
over the YRV region in the summer during 2006-16 due
to the significantly increased saturation specific humid-
ity, which partially contributed to the decreased mei-yu
intensity during 2006-16. Similar results are obtained
for the differences in relative humidity, air temperature,
saturation specific humidity, and actual specific humid-
ity at the 925- and 850-hPa pressure levels.

According to the Clausius—Clapeyron equation, the
saturation specific humidity increases more and more
dramatically as temperature increases (Held and Soden

Unauthenticated | Downloaded 08/16/22 03:50 PM UTC



6266

WVT_div (P2-P1

)

JOURNAL OF CLIMATE

VOLUME 32

(b) WVT_div (P3-P2)

35N 35N
30N L
25N L
110E 120E
-45 -30 -15 0 15 30 45 45 -30 -15 0 15 30 45
(€)
3 O — | | | | | | | | | | | -
= WVT_budget._ MJJA =
2.0 < , —
= precip_MJJA -
1.0 — precip_Meiyu =
0.0 = 2
-1.0 S =
2.0 -
-3.0 — =

I I
1970 1980

I I I
1990 2000 2010

FIG. 12. Differences in divergence of vertically integrated WVT (unit: 10 ®kgm 25~ !) (a) between 1961-80 and

1985-97 (latter period minus former period) and (b) between 1985-97 and 2006-16 (latter period minus former
period). (c) Standardized 11-yr running mean time series of net water vapor flux over the YRV region (in black),
MIJJA mean precipitation averaged over the YRV region (in blue), and precipitation averaged over the YRV
region for the mei-yu period (15 Jun—10 Jul; in red) during 1961-2016. Stippling in (a) and (b) denotes where the
anomalies are significant at the 90% confidence level based on Student’s ¢ test. Gray rectangles in (a) and (b) denote

the domain of YRV region.

2006). Hence, the impact of temperature on relative
humidity will possibly be more and more significant in
the future under global warming (Xu and Xu 2012;
Knutti and Sedlacek 2013; Y. Xu et al. 2018), which
might exert a profound influence on the mei-yu intensity
in the future.

6. Conclusions and discussion

This study introduced a MVCI to illustrate the syn-
optic features of mei-yu in the YRV region based on
three indicators of mei-yu including precipitation, sur-
face relative humidity, and tropospheric vertical motion.
The interdecadal variation in the synoptic-scale features
of MVCI indicates that the synoptic features of mei-yu
underwent notable interdecadal variations in the date of
mei-yu peak and intensity of mei-yu. The delayed (rel-
atively early) mei-yu peak during 1985-97 (1961-80 and
2006-16) may be attributed to a delayed (relatively
early) enhancement of southerly WVT over eastern
China in the late June. A positive phase of the PDO may

induce a weakened clockwise gyre over the North Pa-
cific and particularly northerly WVT anomalies over the
WNP and eastern China during summer, which impede
the enhancement of the southerly WVT anomalies over
eastern China along the western flank of the anomalous
anticyclone over the WNP in the late June, contributing
to a delayed mei-yu peak in the YRV region, and vice
versa. The interdecadal variation in mei-yu intensity over
past decades is associated with an interdecadal variation
in the tropospheric vertical motion over the YRV region
during summer, which may be partially attributed to an
influence of PDO on the large-scale tropical east—west
circulation during summer. The warming in the YRV
region after the 1990s partially contributed to the de-
creased mei-yu intensity after the 1990s due to the in-
creased saturation specific humidity.

In addition to the impact of PDO, other factors may
also play a role in modulating the interdecadal vari-
ability of the synoptic features of mei-yu, such as the
Kuroshio SST front in East China Sea (M. Xu et al.
2018), the cooling in the upper-level atmosphere over
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midlatitudinal East Asia (Si et al. 2009; Sun and Wang
2017), and the South Asian anticyclone (Li et al. 2019).
Particularly, the Atlantic multidecadal oscillation is a
predominant mode of the interdecadal variability of the
Atlantic SSTs and has a profound impact on the Eur-
asian climate (Lu et al. 2006; Luo et al. 2017). Further
studies are needed to provide an insight into the re-
lationship between the interdecadal variability of the
synoptic features of mei-yu and these factors.

The warming trend in China might further induce
increased saturation specific humidity and hence re-
duced relative humidity over the YRV region in the
future (Xu and Xu 2012), which would possibly con-
tribute to a further reduction in the mei-yu intensity in
the future. To date, a considerable uncertainty is de-
tected in the projected summer precipitation in China
for the twenty-first century (Chen and Sun 2013; Chen
et al. 2014; Wu et al. 2015). Numerical simulations using
advanced models are demanded to evaluate the changes
in the synoptic features of mei-yu in the future as well
their uncertainty (Gao and Giorgi 2017; Giorgi and Gao
2018; Niu et al. 2018).

Finally, it should be noted that the mechanisms of the
interannual variability of synoptic features of mei-yu
may be partially different from the mechanisms of the
interdecadal variability of synoptic features of mei-yu.
The climate anomalies associated with the interannual
variability of date of mei-yu peak and intensity of mei-yu
were computed based on the MVCI for individual years
during 1961-2016. The results suggest that on the in-
terannual time scale, a delayed date of the mei-yu peak
is associated with negative SST anomalies in the mid-
latitudinal North Pacific and an anomalous cyclone over
the midlatitudinal North Pacific; an increased intensity
of mei-yu is associated with an anomalous anticyclone
over the WNP, which may be partially attributed to an
El Nifio decaying summer (Wu et al. 2009; Xie et al.
2009; Sun and Wang 2019) and an influence of the EAP/
PJ teleconnection (Nitta 1987; Huang 1992). In addition,
the regional SST in the western Pacific may play a role in
modulating the interannual variability of mei-yu in-
tensity (Simmonds et al. 1996). The preconditioning of
anomalous climate over the Arctic and Eurasia during
the preceding winter and spring might also have an im-
pact on the interannual variability of mei-yu during
summer (Gong and Ho 2003; Luo et al. 2016). An in-
depth study is needed to examine the mechanisms of the
interannual variability of synoptic features of mei-yu.
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